ABSTRACT: Several tephra layers from the last millennium have been identified in distal peat and lake sediment sequences in northern Europe, forming a framework of volcanic events of great value for palaeoenvironmental investigations. Most of the tephras within this framework have an origin in Iceland, but distal layers from Jan Mayen have also been identified. The predominant transport pathway, in an easterly-southeasterly direction, has led to the deposition of these tephras in a number of terrestrial deposits in northern Europe. Ash from silicic eruptions (>63% SiO 2 ) dominate at these sites, even though many of the documentary records in distal areas report tephra fall from several basaltic eruptions. Here we provide an overview of the distribution, shard concentration and geochemistry of these tephras to highlight the most important isochrones for addressing key dating issues. In particular, three horizons -Hekla-1 (AD 1104), Ö raefajö kull (AD 1362) and Askja (AD 1875) -are found at a number of different locations in northern Europe and as such are valuable tie-points for improving and validating chronological models and for synchronisation of records spanning the last 1000 years. In addition, we present new data identifying tephra from the Grímsvö tn volcanic system within the Lomonosovfonna ice cap on Svalbard, demonstrating that some tephras have been transported 2000 km to as far north as 798 N along a northeasterly trajectory. This discovery highlights the potential for utilising tephrochronology as a correlation tool for palaeoarchives located in more northerly areas and the complex nature of fall-out from different eruptions.
Introduction
A key objective of palaeoclimate research is to examine lead and lag responses between different archives, which require synchronisation of proxy records on common timescales. Dating of recent sediments is often difficult due to fluctuations in atmospheric 14 C and requires several closely spaced samples for wiggle-matching to the calibration curve (Goslar et al., 2005) . Other natural and artificial short-lived radioisotopes, such as 210 Pb and 137 Cs, can only be used for dating sediments spanning the last 100-150 a (e.g. Oldfield, 2005) . The accuracy of age-depth models spanning the last millennium, however, can be tested by markers such as tephra layers from historically dated eruptions. As yet, for the last 1000 a this has mainly been achieved for areas proximal to the volcanic sources, and precise age-depth models have been constructed using a combination of radiometric methods and tephrochronology (Stihler et al., 1992; Boer et al., 2006) . New methods have been developed for detecting small amounts of tephra in distal areas, and these micro-or cryptotephra layers provide an opportunity for improving and validating chronological models and for producing precise tie-points between sparsely located records. Here we summarise the key tephras that can be used for improving chronological models and for precise correlation of different palaeoarchives in northern Europe spanning the last 1000 a.
In total, 205 eruptive events, with an average of 20-25 eruptions per century, have been identified within the volcanic history of Iceland over the last 1000 a (e.g. Thorarinsson and Saemundsson, 1979; Thordarson and Larsen, 2007) . Explosive volcanic eruptions where the products are partly or solely tephra are important for development of the volcanic history of Iceland, and some 65% of the eruptions in historical times have left tephra as the only evidence of the eruption (Larsen and Eiríksson, 2008) . The Icelandic tephrochronology has been described in numerous papers since the pioneering work by Thorarinsson in the 1940s (e.g. Thorarinsson, 1944 Thorarinsson, , 1951 Larsen, 1981; Larsen et al., 1999 Larsen et al., , 2001 Haflidason et al., 2000; Wastegård et al., 2003; Dugmore et al., 2007) . The first descriptions of distal fallout of tephra from Icelandic eruptions are from documentary records (Connell, 1846; Mohn, 1878) and many of these observations were compiled by Thorarinsson (1981) . It was not until the 1960s, however, that tephra horizons were found to be more widespread, with their identification in more distal peat deposits on the Faroe Islands, Norway and Sweden (Persson, 1966 (Persson, , 1967 (Persson, , 1968 and some 20 years later on the British Isles (Dugmore, 1989; Pilcher and Hall, 1992) .
At present, tephra layers from at least 16 volcanic events have been traced in distal locations in northern Europe ( Fig. 1 ) and these form the framework outlined in this paper (Table 1) . A predominant easterly-southeasterly transport pathway has led to the identification of these layers within peat and lacustrine deposits in Ireland, the British Isles and Scandinavia. In some instances volcanic material has also been carried northwards and westwards and has been traced within the Greenland ice cores and within marine records north of Iceland. Most of the tephra horizons identified in Table 1 are from silicic eruptions (>63% SiO 2 ; Dugmore et al., 1995) . Indeed three of the most widely dispersed tephras -Hekla-1 (AD 1104), Ö raefajö kull (AD 1362) and Askja (AD 1875) -are all of silicic geochemistry. Many of the documentary records, however, report tephra fall in western Norway and the Faroe Islands from basaltic eruptions, e.g. from the eruptions of Katla in AD 1625, 1660 and 1755 (Thorarinsson, 1981) . These basaltic eruptions, however, have not left any traces in the sedimentary records outside Iceland possibly due to low concentrations of tephra (Dugmore and Newton, 1998) or as a result of post-depositional dissolution which particularly affects basaltic glass (Pollard et al., 2003; Wolff-Boenisch et al., 2004; Pollard and Heron, 2008) . Up until now, only two basaltic tephras from the last 1000 a -Veiðivö tn-1477 and Laki-1783 -have been traced in distal locations. We present new data demonstrating that basaltic material can be transported over large distances with tephra from the Grímsvö tn volcanic system identified within an ice core retrieved from Svalbard. In addition, we provide an overview of those tephras from the last millennium that have been identified within terrestrial and ice palaeoarchives located outside of Iceland, and thus have the potential to be used for the synchronisation of records and for building chronological models. The distribution of tephra layers, shard concentration at each particular site and geochemistry of last-millennium tephras are reviewed to highlight those tephras of particular relevance for the last 1000 a.
Tephrochronology framework for northern Europe over the last 1000 years MOR-T4 (ca. AD 1000), BGMT-1 (ca. AD 1120), GB4-50 (ca. AD 1250)
The MOR-T4 and GB4-50 tephras have been found in single profiles in Ireland (Table 1) , intercalated between more wellknown layers such as Hekla-1104 and Ö raefajö kull-1362 (Hall and Pilcher, 2002; Chambers et al., 2004) . The BGMT-1 layer has also been found in a single site in Ben Gorm Moss on the Isle of Skye, western Scotland (Langdon and Barber, 2001) , and consists of a mixed population of silicic tephra of Icelandic origin ( Fig. 2(a) and (b) ). Ages for these tephras are, in all cases, based on interpolation between radiocarbon dates and tephras of known ages and all layers have a geochemical affinity which suggest an Icelandic origin (Hall and Pilcher, 2002; Chambers et al., 2004) . None of these tephras, however, have a known provenance or correlate with any other tephra or known Maitre (1984) . The grey field in (b) shows the distribution of FeO tot versus TiO 2 in SILK tephra layers from Iceland and the Faroe Islands (Larsen et al., 2001; Wastegård, 2002; Ó ladó ttir et al., 2008) . Data points are from the following sources: MOR-T4 (Chambers et al., 2004) ; Hekla-1 (Pilcher et al., 1995 (Pilcher et al., , 1996 (Pilcher et al., , 2005 Hall and Pilcher, 2002; Chambers et al., 2004; Vorren et al., 2007) ; BGMT-1 (Langdon and Barber, 2001 ); Hekla-1158 (Hall and Pilcher, 2002; Pilcher et al., 2005) ; GB4-50 (Hall and Pilcher, 2002) ; Ö raefajö kull-1362 (Pilcher et al., 1995 (Pilcher et al., , 2005 Hall and Pilcher, 2002) ; MOR-T2 (Chambers et al., 2004) ; Veiðivö tn-1477 (Chambers et al., 2004; Davies et al., 2007) ; Hekla-1510 (Dugmore et al., 1995; Pilcher et al., 1996; Swindles, 2006) ; Loch Portain B (Dugmore et al., 1995) ; SLU-5 (Hall and Pilcher, 2002) ; QUB-384 (Pilcher et al., 2005) ; PMG-5 (Hall and Pilcher, 2002) ; Hekla-1845 (Wastegård, 2002) ; Askja-1875 (Oldfield et al., 1997; Boygle, 2004; Bergman et al., 2004; Davies et al., 2007; Borgmark and Wastegård, 2008) ; Hekla-1947 (Hall and Pilcher, 2002; Swindles, 2006) Icelandic eruption during the early Medieval period. MOR-T4 and GB4-50 have similar geochemical signatures, but GB4-50 is considerably higher in FeO tot (Fig. 2(b) ) and lower in MgO. Both tephras fall on the geochemical trend of the Hekla volcanic system as defined by the total alkali-silica biplot diagram ( Fig. 2(a) ); however, FeO tot /TiO 2 ratios seem to exclude an origin in the Hekla volcanic system for both layers ( Fig. 2(b) ). Shard concentrations for MOR-T4 and BGMT-1 tephras are low (Table 1) .
Hekla-1 (Hekla-1104)
The AD 1104 event was the largest Hekla eruption in historical times (Thorarinsson, 1967) and the associated tephra layer is one of the most important isochrones in terrestrial and marine records on Iceland (Larsen and Thorarinsson, 1977; Boygle, 1999; Larsen et al., 1999 Larsen et al., , 2002 and more distal sites in Europe (Pilcher et al., 1996 (Pilcher et al., , 2005 Chambers et al., 2004; Vorren et al., 2007) . This tephra can be separated from other historical Hekla tephras in plots of K 2 O/TiO 2 ( Fig. 2(c) ) and is more evolved than any other historical tephra from Hekla (Larsen et al., 1999) . The main distribution was to the north, making this layer one of the most important Holocene markers in marine records north of Iceland Larsen et al., 2002; Kristjansdottir et al., 2007) . Hekla-1 is one of the most widespread Holocene tephras from Iceland and was reported in Scandinavian peat bogs as early as the 1960s (Persson, 1966 ). Persson's records were not confirmed by geochemical analyses, however, and it was not until recently that the Hekla-1 was securely identified in sequences in Scandinavia (Pilcher et al., 2005; Vorren et al., 2007) . This tephra is also the most reported historic tephra in Ireland (Pilcher et al., 1996; Hall and Pilcher, 2002; Chambers et al., 2004) , and has been used to constrain timeframes for climate and human impact studies of Irish bogs (Hall, 2003; Hall and Mauquoy, 2005) . While abundant on Ireland, Hekla-1 seems to be absent in many other parts of northwestern Europe, including Scotland, England, Germany and southern Scandinavia. Maps showing the distribution of Hekla 1104 indicate a main dispersal to the north (Thorarinsson, 1967; Larsen et al., 1999) , which could explain the occurrence in northern Norway. However, plumes with tephra must have been directed also to the south towards Ireland during part of the eruption. Thus the distribution of Hekla-1 may be confined to areas with high precipitation, such as northwestern Norway and Ireland, suggesting a possible link between high precipitation and tephra deposition (Langdon and Barber, 2004) .
Hekla-1158
Another eruption of Hekla occurred a few decades after the Hekla-1 eruption and, together with Hekla-1, these are the only historical eruptions of Hekla where silicic tephra has been produced ( Fig. 2(a) ). Hekla-1158 had a smaller volume of erupted tephra than Hekla-1 and significantly lower SiO 2 and higher FeO tot concentrations ( Fig. 2 (a) and (b); Larsen et al., 1999) . The main dispersal was to the northeast (Thorarinsson, 1967; Larsen et al., 1999) and Hekla-1158 was recently reported from northern Norway (Pilcher et al., 2005) . In addition, a tephra layer found in the Garry bog in Ireland, GB4-57, dated approximately to 1150 AD has a geochemistry identical to Hekla-1158 (Hall and Pilcher, 2002) and suggests that this tephra was also transported southwards. Hekla-1158 can be distinguished from Hekla-1 on total silica-alkali plots and plots of FeO tot versus TiO 2 or K 2 O versus TiO 2 (Fig. 2(a)-(c) ). Shard concentrations in northern Norway are reported to be relatively high for Hekla-1 and Hekla-1158 (Table 1) .
Ö raefajö kull-1362
The explosive rhyolitic eruption of Ö raefajö kull in June 1362 was the most voluminous silicic eruption in historical times in Iceland (Thorarinsson, 1958; Palais et al., 1991) . According to investigations in distal areas, including Scandinavia, Ireland (Pilcher and Hall, 1992; Pilcher et al., 1996 Pilcher et al., , 2005 and Greenland (Palais et al., 1991) , large volumes of tephra from this eruption were blown in different directions (Fig. 3(b) ). Three main distribution plumes have been reconstructed based on these distal occurrences. Despite being identified in a number of sites in Ireland (Pilcher and Hall, 1992; Pilcher et al., 1996) , Ö raefajö kull-1362 is yet to be found in Britain. Tephra from all these areas have a uniform composition characterised by high Na 2 O and very low MgO contents (Larsen et al., 1999; Selbekk and Trønnes, 2007) .
MOR-T2
This tephra is the youngest of four layers found in the lacustrine sediments of the karstic lake An Loch Mó r, western Ireland, with a geochemical signature suggesting an origin on Jan Mayen, i.e. a trachytic composition with high Na 2 O and K 2 O (Fig. 2(a) ; Chambers et al., 2004) . MOR-T2 is dated by interpolation to ca. AD 1400. It is possible that MOR-T2 can be correlated with the PMG-5 layer (see below). The central volcano on Jan Mayen, Mt Beerenberg, which has erupted at least three times during the last 1000 a -1732, 1818 and 1970 (e.g. Sylvester, 1975 ) -has been pinpointed as a potential source for this tephra. The shard concentration is low (Table 1) .
Veiðivö tn-1477
One of the most explosive eruptions in historical time on Iceland was the eruption of Veiðivö tn in 1477, which produced a tephra volume of more than 5 km 3 (Larsen, 1984; Larsen and Eiríksson, 2008) . The Veiðivö tn-Bárdarbunga volcanic system is one of the most productive volcanic systems in Iceland, with at least 60 identified tephra layers from the last 10 ka (Larsen and Eiríksson, 2008) . Tephra from the 1477 eruption of Veiðivö tn has been found in marine cores north of Iceland (Larsen et al., 2002) , and basaltic tephra layers of similar age have been traced in Lake Getvaltjärnen in west central Sweden (Davies et al., 2007) and the An Loch Mó r lake in western Ireland (Chambers et al., 2004) . Both layers have a tholeiitic composition and plots of SiO 2 /K 2 O þ Na 2 O (Fig. 2(a) ), for example, suggest an origin in the Veiðivö tn fissure swarm in the Eastern Volcanic Zone in Iceland (Chambers et al., 2004; Davies et al., 2007) . It is more than likely that the tephra layers reported from Ireland and Sweden are from the widespread eruption of 1477, but other eruptions close in age and geochemical signature, e.g. AD 1410 and 1717, are also possible candidates and fall within the error margins of the agedepth models for these sites (Chambers et al., 2004; Davies et al., 2007) . Since Veiðivö tn is one of the most productive systems on Iceland, further evidence, such as other tephra layers or radiocarbon dates, is required to support the identity of the 1477 eruption.
Hekla-1510
Tephra from the relatively small eruption of Hekla in 1510 was one of the first Holocene tephra layers described from the British Isles (Dugmore et al., 1995 (Dugmore et al., , 1996 Pilcher et al., 1996) but as yet this tephra has not been found in continental Europe. Unlike most other historical eruptions from Hekla, the main axis of distribution was to the southwest (Thorarinsson, 1967; Larsen et al., 1999) , which could explain the absence of Hekla 1510 in Scandinavian sites.
The early erupted tephra of Hekla 1510 is nearly identical in major element geochemistry to the Hekla-1947 tephra ( Fig. 2(a)-(c) ). Two groups with different geochemical signatures occur in Scottish deposits: one with (trachy)andesitic to dacitic composition ( Fig. 2(a) ) securely correlated with Hekla-1510 (Loch Portain A) and another highly evolved rhyolitic group (Fig. 2(a) ; Loch Portain B) that may either represent the earliest phase of the Hekla eruption or may derive from another eruption closely spaced in time (Dugmore et al., 1995) . Hekla-1845 and Hekla-1947 Tephras from the 1600s-1700s (QUB-384, Several tephra layers dated to the 17th and 18th centuries have been found in bogs in Ireland and northern Norway (Hall and Pilcher, 2002; Pilcher et al., 2005) . Low concentrations of tephra from this time period have also been reported from bogs in Sweden, but it has not been possible to analyse them geochemically (Borgmark and Wastegård, 2008) . All layers have an Icelandic provenance, except the PMG-5 layer found in the Portmagee bog in south-western Ireland (Hall and Pilcher, 2002) . This layer has a similar trachytic composition to the MOR-T2 layer found in the An Loch Mó r, western Ireland, suggesting a Jan Mayen origin (Fig. 2(a) ; Chambers et al., 2004) . The 'QUB-384, group 3' tephra found in Lofoten (Pilcher et al., 2005) has a dacitic to trachydacitic composition and many analyses are similar to the silicic SILK tephras erupted from Katla during the Holocene (Fig. 2(b) ; Larsen et al., 2001; Wastegård, 2002) and might represent a previously unknown silicic component from one of the eruptions of Katla that was reported from documentary or historical records in Norway; for example, the major eruption in 1755 that produced more tephra than any other historical eruption of Katla (Thorarinsson, 1981; Larsen et al., 2001 ).
Laki-1783
The Laki fissure eruption lasted for 8 months in 1783-1784 and produced one of the largest lava flows in Iceland (Thordarson and Self, 2003) . The eruption emitted 122 megatons of SO 2 and caused an aerosol-forced cooling in Europe and other regions, followed by crop failure and increased mortality (Stothers, 1996; Witham and Oppenheimer, 2004) . A strong sulphate peak identified in many ice cores from Greenland, Svalbard and the Alps has been connected to the Laki eruption (Clausen and Hammer, 1988; Fiacco et al., 1994; Zielinski et al., 1994; Schwikowski et al., 1999) and glass particles have been reported from the GISP2 ice core (Fiacco et al., 1994) and the Lomonosovfonna ice core from Svalbard (Kekonen et al., 2005) . However, only one glass particle was analysed from the Lomonosovfonna ice core, which precludes a detailed comparison to the Laki type site material (Kekonen et al., 2005) .
Hekla-1845
The 13th eruption of Hekla in historical time started in September 1845 and went on continuously until April the following year (Thorarinsson, 1967) . The preceding repose time was 79 a and tephra from the initial phase was blown towards the southeast and was recorded overseas in Orkney, Shetland and the Faroe Islands, according to documentary records (Connell, 1846; Thorarinsson, 1981) . Ash fell on 3 September on the southernmost of the Faroe Islands, Suduroy, according to contemporary records (Guttesen, pers. comm. 2007 ). Subsequent geochemical analyses from Hovsdalur on Suduroy ( Fig. 1 ; Wastegård, 2002) have confirmed ash fallout, tentatively correlated with Hekla-1845 ( Fig. 3(d) ). These analyses show an andesitic composition, similar to Hekla-1510 and Hekla-1947 ( Fig. 2(a)-(c) ). Most shards have lower SiO 2 and higher FeO tot (Fig. 2(a) and (b) ), but the differences are too small to allow these tephras to be separated on the basis of single shard microprobe analyses.
Askja-1875
The explosive rhyolitic eruption of Askja in March 1875 lasted for a few hours and produced a light-coloured tephra layer east of the Askja caldera in eastern central Iceland (Sigvaldason, 2002) . Due to strong westerly winds during the eruption, tephra was transported to the east (Fig. 3(c) ), reaching the coast of western Norway $15 h later and Stockholm $26 h later (Mohn, 1878) . The rhyolitic Askja-1875 tephra is distinguished from other historic tephras with comparable SiO 2 concentrations by relatively high MgO (0.55-0.75%) and TiO 2 (0.70-0.85%; Fig. 2(b) ) percentages (Larsen et al., 1999; Boygle, 2004; Davies et al., 2007) . It was tentatively recorded in peat bogs in Norway and Sweden (Persson, 1966 (Persson, , 1967 and later geochemical analyses have confirmed the occurrence of Askja-1875 in the area indicated by Mohn (1878) from documentary records (Boygle, 2004; Davies et al., 2007; Borgmark and Wastegård, 2008) . Several records in Scandinavia have very high concentrations with several thousand shards cm À3 (e.g. Davies et al., 2007; Borgmark and Wastegård, 2008) . A recent record from Lofoten Islands, northern Norway (Pilcher et al., 2005) , extends the area of distribution further to the north but a tentative record from northern Germany needs to be confirmed by further analyses (van den Bogaard and Schmincke, 2002).
Grímsvö tn-1903
A recent addition to the framework of distal tephra layers is the Grímsvö tn-1903 eruption. Geochemical analysis of a basaltic tephra horizon identified in the Lomonosovfonna ice core from Svalbard ( Fig. 1; Isaksson et al., 2001 ) points towards Grímsvö tn as the most likely source. Ten shards from this horizon exhibit TiO 2 concentrations between 2.8% and 3.2% and FeO tot concentrations around 13% (Fig. 2(d) ; Tables 2  and 3) , suggesting an origin in the Grímsvö tn volcanic system of southeastern Iceland ( Fig. 1 ; Larsen, 1981) . The geochemical composition is similar to other tephras from the Grímsvö tn system, and major element composition cannot distinguish between tephra from different eruptions. The age model for this ice core, based on an ice layer thinning model and key reference horizons (e.g. the Laki-1783 event and the 1963 radioactive layer; Kekonen et al., 2005) , gives an age of around 1900 for the ice surrounding the tephra. Consequently, the most likely eruption is Grímsvö tn 1903 based on the amount of tephra produced and the easterly-northeasterly direction of tephra dispersal (Larsen, pers. comm. 2008) . The most intense period of tephra production occurred during the first 2 days of the eruption and tephra deposition was reported from a ship 30 miles east of the Icelandic coast.
Hekla-1947
The course of the tephra from the 1947 eruption of Hekla has been reconstructed from contemporary records, including ash fall on ships in the North Atlantic and fallout in southern Finland (Thorarinsson, 1954 ). An early phase of andesitic tephra was transported to the south-southwest, followed by a later phase of dacitic tephra to the south (Fig. 3(c) ) (Thorarinsson, 1954; Kirkbride and Dugmore, 2003) . Tephra of andesitic/dacitic composition was recently found in three bogs in Ireland (Hall and Pilcher, 2002; Swindles, 2006) , and it is possible that ash fall may also have occurred along the course of the tephra cloud in Scotland, Norway and Sweden, but tephra has so far not been traced in sediment sequences or peat. The Hekla-1947 tephra has also been identified in a core from the Eclipse ice field, Yukon, north-western Canada, indicating a circumpolar transport pathway (Yalcin et al., 2003) .
Discussion and conclusions
Transport pathways of tephras spanning the last 1000 years Distal occurrences of some of the key tephras aid in reconstructing the main transport direction of the ash plumes ( Fig. 3(a)-(d) ). These maps are not intended to show the true distribution of tephras, but provide a guide to highlight those geographical areas in which there is considerable potential for tracing some of these key horizons. Some of the tephra trajectories are defined on the basis of several records; e.g. the southerly distribution of Hekla-1 (Fig. 3(a) ) is delimited according to the occurrence of eruptive material within more than 10 sites in Ireland (e.g. Hall and Pilcher, 2002) . According to proximal deposits, however, the main transport component of this eruption was to the north and northeast (Thorarinsson, 1967; Larsen et al., 1999 ), yet Hekla-1 has only been identified in two distal sites in northern Norway and within marine records off the Icelandic coast (Larsen et al., 2002; Pilcher et al., 2005; Kristjansdó ttir et al., 2007; Vorren et al., 2007) . This may be a feature of where tephra investigations over the last 1000 a have been conducted in recent years rather than a real absence of Hekla-1 tephra. There is a general lack of investigations in many areas, especially in large parts of Norway and northern areas. Indeed, the identification of material from the Gríms-vö tn-1903 eruption in Svalbard emphasises the potential for undertaking tephra investigations in far more northerly locations than previously realised. Moreover, tephra layers within sediment records from the North Atlantic ocean are almost unknown except for a few documented records of tephra fallout on ships (Thorarinsson, 1954) , whereas tephras from the last millennium have been documented in several cores north of Iceland (e.g. Larsen et al., 2002) . Thus it is likely that the distribution of many of the key tephras shown in Fig. 3 may be extended and, in particular, revised if more studies are conducted in key geographical areas, e.g. Denmark, southern Sweden, Norway and Finland. Fallout patterns from the recent eruptions of Askja-1875 and Hekla-1947 were originally reconstructed from observations in documentary sources (Mohn, 1878; Salmi, 1948) . Recent findings of cryptotephra in peat bogs, however, have significantly increased the known distribution of these tephras (e.g. Oldfield et al., 1997; Hall and Pilcher, 2002; Pilcher et al., 2005) . Table 3 Major element chemistry of Holocene tephras from the Grímsvö tn volcanic system (wt%): Saksunarvatn Tephra (ca. 10 240 cal. a BP; data from Tephrabase www.tephrabase.org); Hov Tephra (ca. 5900 cal. a BP; Wastegård, 2002) , Grímsvö tn-1903 (Grö nvold and Jó hannesson, 1984) , Grímsvö tn-1922 , 1934 and 1983 (Steinthorsson et al., 2000 Oxide Saksunarvatn tephra (n ¼ 71) Table 2 Major oxide percentages in tephra from the Lomonosovfonna core, determined by electron microprobe analyses. Analytical totals below 93% have been discarded. The tephra horizons were prepared for electron microprobe analysis using wavelength dispersive spectrometry (WDS). The samples were analysed with a Cameca SX100 electron microprobe equipped with five vertical WD spectrometers. Although there are certain distal areas that have as yet not been investigated in detail, there are a number of sites that have been examined and within which no tephra horizons were identified. These include several sites in Britain, which fall close to or within the limits of the ash plume as reconstructed from distal occurrences. For instance, tephra from the Hekla-1947 eruption has been identified in Ireland and southern Finland, but not in sites in Britain that fall below the reconstructed path of the ash plume according to Fig. 3(d) . It has been suggested that precipitation may play an important role in ash deposition and that the absence of Hekla-1947 in British deposits may simply be linked to precipitation patterns during the eruption. The important mid-Holocene Hekla-4 tephra also has an irregular distribution on the British Isles and is scarce or absent in areas where dry deposition is suggested (Chambers et al., 2004; Langdon and Barber, 2004) . This observed phenomenon, however, may also be due to the complex nature of tephra dispersal. The eruption of Grímsvó tn in 2004, and to some extent Hekla-1947, exemplifies the complex nature of tephra dispersal and highlights that transport is not always in clearly defined straight lines.
Grímsvö tn is the most active volcanic system on Iceland, accounting for about 38% of the verified historical eruptions (Thordarsson and Larsen, 2007) . The most recent eruption, in November 2004, injected up to 14 km into the atmosphere and lasted for 4 days. The first vigorous phase lasted from the evening of 1 November until the morning of 3 November, and a second, low-intensity phase continued until the evening of 4 November (Sigmundsson and Gudmundsson, 2004) . Dispersion models from Volcanic Ash Advisory Centres (VAAC) show strong similarities and show that the ash plume from the first vigorous eruption phase was arcing over the Norwegian Sea, reaching as far as northern Finland, but not as far north as Svalbard (Witham et al., 2007) . These models also forecast that the ash plume circled over eastern Europe and the Black Sea. Less agreement was achieved by dispersion models for the second phase, but most show high concentration of ash over the North Sea extending to Scotland, but also ash clouds with lower concentrations over northeastern Greenland and Svalbard (Witham et al., 2007) . The dispersion models show the complex nature of tephra dispersal and that even a relatively small and short-lived eruption such as the 2004 eruption of Grímsvö tn might produce tephra fallout over vast geographical areas. As yet, the dispersion models have not been validated by physical evidence of tephra fallout outside Iceland and only a few satellite images of the eruption plume were obtained due to overcast conditions over the North Atlantic (Witham et al., 2007) . However, these dispersion models provide important information on the nature of a contemporary volcanic eruption in Iceland and demonstrate that the absence of tephra in a particular area, considered to be within the main dispersal area, may be due to the arcing nature of the ash plume rather than assuming simplified transport in a straight line.
Site-specific processes and tephra deposition Although the complex nature of transport pathways are identified as playing a key part in the deposition of tephra, several studies also show that distal tephras often have an uneven distribution due to site-specific processes (e.g. Davies et al., 2001; Pyne-O'Donnell et al., 2008) . In particular, sitespecific processes may have contributed to the patchy distribution and low shard concentrations of some of the tephras identified in Table 1 . For instance, in Scandinavia a large part of the precipitation occurs as snow during the winter months and post-depositional processes associated with fallout on the snow cover, such as redeposition by wind and meltwater, may result in patches of tephra in hollows on the peat surface (Bergman et al., 2004 ). Thus it is quite possible that some tephras may be missed in studies that tend to focus on one recovered core or monolith. Furthermore, the role of snow beds in the catchment may play a part in the reworking of tephra deposits. Slow release of tephra trapped in catchment snow beds has been suggested as a cause for delayed tephra deposition in alpine lakes in Scandinavia (Davies et al., 2007) . Only a few studies have looked in detail at the deposition of tephra in lacustrine environments in distal areas (Pyne-O'Donnell et al., 2008) , and it has been shown that reworking of tephra from lake catchments can occur for several hundred years after the primary airfall (e.g. Davies et al., 2007) . This has important implications for pinpointing the stratigraphic position of a tephra horizon that represents primary airfall, particularly as tephras are used for correlation purposes and for construction of age-depth models. This can, however, be especially difficult in lake sediment sequences due to reworking, bioturbation or even downward migration due to density-induced settling of tephra particles through organic sediments (Beierle and Bond, 2002) .
Basaltic tephra horizons in distal areas
The almost complete lack of basaltic tephra in distal deposits in northern Europe is striking. So far, the only recorded distal basaltic tephra layers from the last millennium are from the eruptions of Veiðivö tn-1477 (two sites), Laki-1783 and Grímsvö tn-1903 (both in Lomonosovfonna, Svalbard). It has been suggested that this may be due to the origin of basaltic material from (with a few important exceptions such as the early Holocene Saksunarvatn Tephra) less explosive volcanism (Dugmore et al., 1995) . Alternatively, it may be possible that basaltic shards have been affected by post-deposition dissolution (Pollard et al., 2003; Pollard and Heron, 2008) . WolffBoenisch et al. (2004) showed that rhyolitic glass has an expected lifetime of $10 times longer than basaltic glass at pH 4 and 258C. All distal occurrences of basaltic material have been found in lake sediments or ice, and basaltic tephras from the last millennium have yet to be identified in peat deposits. There is even a distinct absence of basaltic material within relatively proximal areas such as the Faroe Islands (Wastegård, unpublished) , even though many documentary records from this area report tephra fallout from basaltic eruptions (Thorarinsson, 1981) . Although it is clear that a number of factors influence the deposition and preservation of tephra horizons (see above), the distinct absence of basaltic horizons may be a post-depositional stability issue. Rhyolitic tephra is thought to be generally more stable than basaltic tephra, which could be affected by chemical alteration or even complete dissolution in an acid environment, such as blanket peat (Pollard et al., 2003) . Peat accumulation is relatively slow on the Faroe Islands (Persson, 1968; Shotyk et al., 2005) and basaltic glass would have been exposed to acid conditions for prolonged intervals.
Utilising the tephrochronology framework for the last 1000 years Detailed tephrochronology frameworks are of great value for palaeoenvironmental studies in areas distal to the volcanic centres. In northwestern Europe this has been especially successful in Ireland, where several historical tephras are present in lowland peats (Hall and Pilcher, 2002; Hall and Mauquoy, 2005) . Layers such as Hekla-1 and Ö raefajö kull-1362 are often well constrained and greatly improve the chronological control of peat profiles investigated for palaeoenvironmental studies. Ireland is probably the most studied area with regard to distal tephrochronology in Europe, but recent investigations show the potential for similar studies also in Scandinavia (e.g. Bergman et al., 2004; Boygle, 2004; Pilcher et al., 2005; Davies et al., 2007; Vorren et al., 2007; Borgmark and Wastegård, 2008) . For instance, historically dated distal tephras from the last millennium have been used to constrain age-depth models and for validation of other dating methods, e.g. 210 Pb dating and SCP counting (Oldfield et al., 1997; Schoning et al., 2005) . The Askja-1875 and Hekla-1947 tephras also have great potential for validation of age-depth models based on short-lived radioisotopes (e.g. Oldfield et al., 1997; Davies et al., 2007) .
Of the tephra layers that form the framework for the last 1000 a, at least five of the tephras (MOR-T4, BGMT-1, GB4-50, SLU-5 and QUB-384) have only been identified as discrete volcanic events based on their occurrence within distal areas and have as yet no known proximal sources in Iceland. These events have not been correlated with proximal deposits that form the basis for the Icelandic tephrochronological framework (e.g. Haflidason et al., 2000; Larsen and Eiríksson 2008) . Tentative correlations can be made, but the data are too scant to allow for more secure correlations. It is often difficult to pinpoint exactly the source of the eruption, especially where only limited data exist, possibly representing only parts of the eruption. Distal sites are clearly becoming increasingly important for obtaining the most comprehensive history of volcanic events and indeed for highlighting those events that have the potential to be used as isochronous marker horizons. As a result, the framework outlined in Table 1 is continuously being updated, based on the work undertaken in distal areas, as demonstrated here by the most recent addition of the Grímsvö tn 1903 eruption.
